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We propose a direct method to determine absorption anisotropy of colloidal quantum rods. In this method, the
rods are aligned in solution by using an alternating electric field and we measure simultaneously the resulting
average change in absorption. We show that a frequency window for the electric field exists in which the change
in absorbance as a function of field strength can be analyzed in terms of the quantum-rod dipole moment and
the absorption coefficient for light that is polarized parallel or perpendicular to the long axis of the rod. The
approach is verified by measuring the absorbance change of CdSe rods at 400 nm as a function of field strength,
where we demonstrate excellent agreement between experiment and theory. This enables us to propose improved
values for the CdSe quantum-rod extinction coefficient. Next, we analyze CdSe/CdS dot-in-rods and find that the
absorption of the first exciton transition is fully anisotropic, with a vanishing absorption coefficient for light that
is polarized perpendicularly to the long axis of the rods.
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I. INTRODUCTION
Progress in colloidal synthesis over the last 20 years
has made available a wide range of metal, metal oxide,
and semiconductor nanocrystals with an exceptional control
over size, size dispersion, and shape.1 Focusing on semi-
conductor nanocrystals, this involves, for example, spherical
particles [quantum dots (QDs)],2 rodlike particles [quantum
rods (QRs)],3 and heterostructures (core/shell, dot-in-rod).4–6
This progress in synthesis is driven by the combination of
optoelectronic properties tunable by size and shape, and
versatile wet-chemical processing, which opens up a vast range
of potential applications.7 An important property of colloidal
QDs is their absorption of light. The absorption spectrum
reflects the quantized electronic energy levels of the QDs and
it enables a quick quantification of the suspension in terms
of QD size, size dispersion, and concentration. Moreover, as
light absorption by a QD results in an electron/hole pair or
exciton, they can be used as an absorber material in photode-
tectors and photovoltaic cells,8–10 or as fluorophores, e.g., in
biolabeling.11
Various literature studies confirm that the absorption co-
efficient μ of colloidal QDs can be understood within the
framework of the Maxwell Garnett effective-medium theory.
This implies that the screening of the electric field by the
QD, as expressed by the local-field factor fLF , is an essential
factor determining μ (local-field approximation). Especially
at photon energies considerably higher than that of the first
exciton transition, experimental values agree with theoretical
predictions using bulk dielectric constants.12–17 The local-field
approximation has also been applied to one-dimensional
nanowires, where it predicts that μ takes different values for
light that is polarized parallel (μ‖) and perpendicular (μ⊥)
to the long axis of the wire. In the case of InP nanowires,
the observation of polarized emission and emission excitation
has been accordingly interpreted in terms of anisotropic
local-field factors.18 In addition, it has been shown for CdSe
and CdTe nanowires that absorption anisotropy leads to an
enhanced absorption coefficient even if the wires are randomly
dispersed.19,20 Rodlike colloidal semiconductor nanocrystals,
either being homogeneous quantum rods (QRs) or heteroge-
neous dot-in-rods, combine the properties of both QDs and
nanowires. Like QDs, they are considerably smaller than the
wavelength of light, such that the local-field approximation
applies, and, similar to nanowires, they have anisotropic optical
properties.21 Polarized emission and emission excitation have
been demonstrated by single dot measurements on CdSe
QRs22 and CdSe/CdS dot-in-rods.23 Opposite to the emission
properties, experimental data on the absorption anisotropy
of colloidal QRs and their possible correspondence to the
predictions of the local-field approximation are rare. In the
studies that address QR absorption, the local-field approxima-
tion is either assumed to hold24 or the possibility of absorption
anisotropy is not addressed.25
Here, we introduce an approach to determine absorption
anisotropy on an ensemble of QRs. This is achieved by
measuring the absorbance of a QR suspension, while aligning
the rods simultaneously by means of an alternating electric
field. We show that applying an electric field leads to a
reduction of the absorbance, with an oscillation frequency
twice that of the field. Moreover, a frequency window exists in
which the absorbance reduction can be interpreted in terms of
the QR dipole moment and anisotropic absorption coefficients.
This approach is validated using CdSe QRs, where we find that
the absorption anisotropy at short wavelengths corresponds to
the predictions of the local-field approximation. This result
is used to reassess the absorption coefficient of randomly
dispersed QRs. In a next step, we extend the method to
CdSe/CdS dot-in-rods, where we find that the ratio between
the absorption coefficient that is perpendicular and parallel to
the long axis of the rod is close to zero.
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II. THEORETICAL BACKGROUND
The absorbance A of a QD dispersion can be quantified by
the intrinsic absorption coefficient μi . With L as the length of
the sample along the propagation direction of light, and f as
the QD volume fraction, it reads
μi = ln 10 A
fL
. (1)
Apart from the factor ln 10, μi gives the absorbance per unit
length and per volume fraction of the QD material. For QDs
like InAs,13 wz- and zb-CdSe,12,17 PbS,14 PbSe,16 and ZnO,15
it has been shown that μi is independent of the QD size at
energies well above the band-gap energy. Within the Maxwell
Garnett model, the absorption coefficient can be written in
terms of the refractive index ns of the solvent and the dielectric
function ε = εR + iεI of the dispersed particles:26
μi,th = 2πεI
nsλ
|fLF |2. (2)
Using the dielectric function for the corresponding bulk mate-
rial generally leads to a good agreement between experimental
and theoretical absorption coefficients for dispersed QDs at
photon energies well above the energy of the first exciton
transition.12–17
In Eq. (2), the local-field factor fLF gives the ratio between
the (optical) electric field outside (E0) and inside (E) a QD.
With α as the depolarization factor of the QD, and εs as the
square of ns , fLF reads
fLF = εs(1 − α)εs + αε . (3)
Equation (2) shows thatμi,th strongly depends on |fLF |, i.e.,
on the screening of the external field by the QD. With spherical
objects, the depolarization factor is isotropic, amounting to 1/3
regardless of the direction of the electric field with respect to
the particle. With anisotropic shapes, this is no longer true.
Prolate spheroids, for instance, have different depolarization
factors for fields that are parallel (α‖) and perpendicular (α⊥)
to their long axis. As shown in Fig. 1, this results in a different
screening of parallel and perpendicular fields and thus different
local-field factors, fLF,‖ and fLF,⊥. Therefore, the absorption
0E
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FIG. 1. A spheroid will screen the components of the external
electric field E0 that is parallel (E0,‖) and perpendicular (E0,⊥) to
its long axis in a different way. This leads to different internal
fields, E‖ = fLF,‖E0,‖ and E⊥ = fLF,⊥E0,⊥, and therefore different
absorption coefficients (in the case of ε > εs).
coefficient will depend on the angle θ between the external
(optical) electric field and the long axis of the spheroid (see
Fig. 1):
μi,th = 2πεI
nsλ
|fLF,‖|2 cos2 θ + 2πεI
nsλ
|fLF,⊥|2 sin2 θ. (4)
According to Eq. (3), fLF increases when α goes down
if ε > εs , which is a typical situation for semiconductor
nanocrystals in an apolar solvent. Hence, for a prolate spheroid,
fLF,‖ will be larger than fLF,⊥,27 implying an increase of the
absorbance for optical electric fields that are parallel to the
long axis, and a reduction for perpendicular fields.
III. EXPERIMENT
To determine the absorption coefficient anisotropy of
colloidal quantum rods, we use a setup where a QR dispersion
is sandwiched between two parallel, transparent electrodes. In
this way, the absorbance of the dispersion can be measured as
a function of an electric field—used to align the QRs—applied
across this cell (see Fig. 2). In practice, the cell is constructed
by two glass plates coated with indium tin oxide (ITO) on
one side and held together with a glue containing 16 μm
spacers. For each cell, the actual distance d between the
electrodes is determined by interferometry. The optical cell
is placed in an ultraviolet-visible (UV-vis) spectrophotometer
(Perkin-Elmer lambda 35) and the absorbance is measured
at a wavelength of 400 nm and at the first exciton peak. As
the sampling rate of the spectrophotometer is 0.1 s, we either
use low-frequency alternating fields, and measure the actual
absorbance as a function of time, or high-frequency fields
(0.5–10 kHz), leading to a measured absorbance which is a
time average over many periods of oscillation.
The QRs that are used have been synthesized according
to established literature recipes (see Supplemental Material,
Information I)28 and are dispersed after purification in do-
decane for the absorbance measurements. To validate our
experimental approach, we use CdSe QRs with an average
length l of 33.6 nm, a diameter d of 8.9 nm, and an aspect
ratio β of 3.8 (sample S5). For the measurements on CdSe/CdS
dot-in-rods, we have used three different samples with aspect
SOURCE
DETECTOR
400 nm
 d
AC Voltage
FIG. 2. Representation of the experimental setup consisting of an
optical cell composed of two indium tin oxide (ITO)-coated glass
plates separated by d = 16 μm spacers. The cell can be subjected to
an ac voltage and is housed in a UV-vis spectrophotometer.
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ratios β = 3.2 (sample S7), 4.3 (sample S6) and 4.8 (sample
S8). Overview transmission electron microscopy images and
the absorption spectra of the different samples used are given
in the Supplemental Material, Information I.28
IV. RESULTS AND DISCUSSION
A. Method validation using CdSe QRs
1. Low-frequency ac field measurement
Figure 3 shows the change in absorbance of sample S5
when an ac field with a frequency f of 50 mHz and an
amplitude E of 0.3 kV/cm is applied over a dispersion of
CdSe QRs in dodecane. Two important observations follow
from this experiment. First, with the electric field applied, the
absorbance is always lower than the absorbance without the
electric field. Second, the absorbance changes at a frequency
of 2f . Both observations are in line with the idea that (a) the
electric field aligns the QRs with their long axis parallel to
the field and (b) the measured change in absorbance reflects
the orientation dependence of the QR absorption coefficient.
Indeed, with the electric field applied along the propagation
direction of the light, QRs align themselves with their long axis
perpendicular to the optical electric field. As fLF,‖ > fLF,⊥ for
a prolate spheroid in a low dielectric constant environment,
this leads to a reduction of the absorbance. In addition, the
QR absorbance only depends on the angle θ between its long
axis and the optical electric field. Therefore, the change in
absorbance may depend on the magnitude of the electric field,
but not on its sign. As a result, the absorbance oscillates at the
double frequency of the electric field.
To corroborate the link between the absorbance changes
and the alignment of the QRs, we further studied A as a
function of E. For this purpose, low-frequency fields are
not ideal. As shown before, even in dodecane, a fraction of
the QRs carries an electric charge, implying that an applied
electric field induces drift of the QRs toward the electrodes.29
To prevent accumulation of the QRs at the electrodes, the
period of oscillation should be shorter than the cell transit
time, τtr = d/μE, i.e., the time it takes for a single rod with
mobility μ to cross the cell. For the S5 rods in a 16 μm cell,
the cell transit time is about 10 ms for fields of 50 kV/cm.
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FIG. 3. (Color online) Top trace: Representation of the 50 mHz
oscillating electric field applied over a dispersion of QRs. The time
t0 corresponds to 20 s. Bottom trace: Resulting change in absorbance
measured with 3.8-aspect-ratio CdSe QRs.
Therefore, we switch to higher frequency fields (0.5–10 kHz)
to measure the average 〈A〉 of the absorbance.
2. Frequency dependence
Figure 4 shows 〈|	A|/A(0)〉 measured on sample S4 as a
function of f , keeping E constant at 96.8 kV/cm. One sees that
with increasing frequency, the response strongly drops once
the frequency exceeds 20 kHz. This drop can be understood
by considering the rotational relaxation time τrot of the rods
about their short axis. Within the Debye-Perrin30 model, τrot is
expressed as
τrot = C2kBT . (5)
Here, kB is the Boltzmann constant, T is the absolute
temperature, and C is the rotational friction coefficient, which,
for a prolate spheroid, reads
C = 32πη
3
a4 − b4
(2a2 − b2)S − 2a . (6)
In this expression, η represents the viscosity of the solvent,
while a and b stand for the the length of the minor and major
half axis of the spheroid, respectively. The quantity S is linked
to a and b according to
S = 2
(
√
a2 − b2)
ln
a + √a2 − b2
b
. (7)
Taking a ligand shell thickness of 2 nm, the relaxation
time τrot calculated for the QRs used here amounts to 3.6 μs
(sample S4) and 7.3 μs (sample S5), respectively. This results
in a critical frequency 1/2πτrot of 45 and 22 kHz, respectively.
The value of 45 kHz for sample S4 corresponds reasonably
well with the observed drop in 〈|	A|/A(0)〉 at frequencies
above 20 kHz. Hence, to ensure that the alignment of the QRs
follows the applied ac field, the applied frequency should be
smaller than 1/τrot. This means that the quantitative analysis of
absorption changes is limited to ac frequencies between 1/τtr
and 1/τrot.
10-3
10-2
ΔA
/A
0
102 103 104
f (Hz)
FIG. 4. Relative shift in absorbance measured as a function of
the frequency f of the aligning field using a constant amplitude E of
96.8 kV/cm. The vertical line is drawn at 45 kHz, corresponding to
1/2πτrot for the sample analyzed here (S4).
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3. High-frequency ac field measurement
Figure 5(a) shows a time trace of 〈A〉 when an 800 Hz
electric field with amplitudes as indicated is switched on
and off as a function of time. In line with the previous
measurements (Fig. 3), we find that the absorbance drops
upon application of an electric field, with a higher electric
field yielding a larger change of the absorbance. In Fig. 5(b),
the effect of an electric field on the QR absorbance is plotted
more quantitatively as 〈|	A|/A(0)〉 vs E. An element worth
noticing here is that while the overall trend is an increase of
〈|	A|/A(0)〉 with E, we find that at low field strengths, the
slope d〈|	A|/A(0)〉/dE tends to zero.
For ac fields withf  1/τtr , accumulation of the rods at the
electrodes can be neglected. Hence, as long as f is sufficiently
smaller than 1/2πτrot, we can presume that the rods align
according to Boltzmann statistics. In that case, an analytic
expression for the absorption coefficient of an ensemble of
QRs as a function of E can be obtained (see Supplemental
Material, Information II).28 Writing the ratio pE/kBT , with
p as the QR dipole moment, as E , it reads
μi = μi,⊥ + (μi,‖ − μi,⊥)
[
cosh(E)
E sinh(E) −
1
E2
]
. (8)
Here, the absorption coefficients for light that is polarized
parallel and perpendicular to the long axis of the rod are defined
as [see Eq. (4)]
μi,‖ = 2πεI
nsλ
|fLF,‖|2, (9)
μi,⊥ = 2πεI
nsλ
|fLF,⊥|2. (10)
Based on Eq. (8), we can calculate 〈|	A|/A(0)〉, provided that
μi,⊥, μi,‖ and p are known. Using the bulk dielectric function
of wz-CdSe, this leaves us with the QR dipole moment as the
only adjustable parameter. The full line in Fig. 5(b) represents
the predicted values for 〈|	A|/A(0)〉, using a dipole moment
of 1.1 10−27 C m, i.e., 330 D. This value is fully in line with
published literature data,31 which confirms that CdSe QRs
have anisotropic absorption coefficients that can be understood
simply from the anisotropy of the local-field factors.
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FIG. 5. (Color online) (a) Bottom trace: Amplitude of an 800 Hz
electric field applied over a QR dispersion (S5). Top trace: Resulting
change of the absorbance. (b) Resulting relative change of the
absorbance as a function of field strength (symbols) and predicted
change of 〈|	A|/A(0)〉, according to Eq. (8), using a dipole moment
of 333 D (solid line).
4. Assessment of the method
The excellent agreement between experiment and theory
obtained with a realistic value of the QR dipole moment
demonstrates that the approach presented here enables a direct
measurement of absorption anisotropy of colloidal QRs. The
quantitative analysis of 〈|	A|/A(0)〉 as a function of E
depends on two parameters, i.e., the dipole moment p and the
ratio γ = μi,⊥/μi,‖ between the perpendicular and the parallel
absorption coefficients. At high field strengths, 〈|	A|/A(0)〉
reaches a limiting value that only depends on γ :
lim
E→∞
〈 |	A|
A(0)
〉
= 1 − γ
1 + 2γ . (11)
This means that in principle, both p and γ can be reliably
determined by the experimental method proposed here. For
CdSe QRs with an aspect ratio of 3.8, the limiting value of γ
amounts to about 0.5. However, for the highest field strengths
used here, for which pE is about equal to thermal energy, a
relative change in absorbance of only 2–3% is predicted and
measured. This means that the experiment in Fig. 5(b) only
shows the beginning of the absorbance change, and in this
case p and γ cannot be reliably determined together from a
single trace. Increasing the field strength is difficult. It reduces
τtr , which leads to irreversible changes of the absorbance with
time. This limits the quantitative analysis to a situation where
either p or γ are known. Interestingly, with the 50 mHz field
used in Fig. 3, an absorbance drop by 2–3 % is achieved
with considerably lower field strengths. Since, in this case,
f 
 1/τtr , this may reflect the much stronger alignment of
the CdSe QRs at the electrodes.4
B. The absorption coefficient of dispersed CdSe QRs
Equation (4) shows that the intrinsic absorption coefficient
μi,0 of randomly aligned QRs is a weighted average over μi,⊥
and μi,‖ (see Supplemental Material, Information II):28
μi,0 = 23μi,⊥ + 13μi,‖. (12)
Hence, opposite to colloidal QDs, the intrinsic absorption
coefficient of QRs is not a constant, yet it depends on the
aspect ratio of the rods. This also implies that QRs do not have
the same intrinsic absorption coefficient as QDs, which can be
considered as QRs with an aspect ratio of one. To verify this,
we synthesized CdSe QR samples with four different aspect
ratios and combined TEM imaging with elemental analysis by
inductively coupled mass spectrometry. In this way, we could
calculate the volume fraction of QRs in solution, and therefore
obtain μi,0 from the absorbance measured (see Supplemental
Material, Information IV).28 In Fig. 6(a), the line with the
symbols shows μi,0, thus determined for QRs with an aspect
ratio β = 3.6 (β = 3.6 QRs) dispersed in heptane, next to
theoretical curves calculated using the bulk dielectric function
of wz-CdSe for QDs (gray background) and β = 3.6 QRs
(solid line). We see that at wavelengths below 500 nm, the
experimental μi,0 exceeds the theoretical curve of wz-CdSe
QDs and coincides with the theoretical μi,0 of β = 3.6 QRs at
wavelengths of about 300 nm. Figure 6(b) shows a comparison
between the theoretical and experimental μi,0 values at 300
nm of QRs with different aspect ratios. Despite the scatter on
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FIG. 6. (a) Spectrum of the intrinsic absorption μi,0 for 3.6-
aspect-ratio wz-CdSe QRs in heptane (sample S4) (line with
symbols). Theoretical μi,0 of 3.6-aspect-ratio wz-CdSe QRs in
heptane (solid line), and theoretical μi,0 of wz-QDs in heptane
(gray background). (b) Experimentally determined μi,0 at 300 nm
for CdSe QR in heptane (samples S1–S4) (symbols). Theoretical μi,0
of wz-CdSe QRs in heptane at 300 nm (solid line), and for wz-CdSe
QDs (gray background).
the experimental values, the data show that the experimental
μi,0 of the QRs exceed the value of QDs by 21% to 43%
for aspect ratios increasing from 2.3 to 5.4. Moreover, the
experimental values largely coincide with the μi,0 calculated
for QRs using Eq. (12). In contrast with existing literature, we
therefore conclude that the intrinsic absorption coefficient of
colloidal QRs is not a constant equal to that of colloidal QDs
of the same material.25 Due to the anisotropy of the local-field
factors, it markedly increases with increasing β, making QRs,
in general, stronger absorbers than QDs. A similar conclusion
followed from the analysis of the absorption coefficient of
CdSe nanowires.20
C. Absorption anisotropy of CdSe/CdS dot-in-rods
CdSe/CdS dot-in-rods feature a spherical CdSe quantum
dot enclosed in a CdS rod. In the literature, it has been
assumed that this results in a fully anisotropic, first exciton
transition.32 To determine this anisotropy from the change of
the first exciton absorbance with the applied field, the dipole
moment of these dot-in-rods must be known. Therefore, we
first measure 〈|	A|/A(0)〉 at short wavelengths, where γ can
be calculated using bulk optical constants.
Figures 7(a), 7(c), and 7(e) show 〈|	A|/A(0)〉 at 400 nm
as a function of field strength for CdSe/CdS dot-in-rods with
aspect ratios of 3.2 (sample S7), 4.3 (sample S6), and 4.8
(sample S8), respectively. In all cases, the measured variation
is highly similar to that of the CdSe QRs shown in Fig. 5(b).
Using γ values calculated using the bulk optical constants of
wurtzite CdS, an excellent correspondence of the experimental
data and Eq. (8) is found for dipole moments of 117, 174, and
252 D, respectively.
At the first exciton transition, a similar decrease of
〈|	A|/A(0)〉 with increasing field strength is observed for each
of the samples, yet its magnitude is 1.5 to 2.5 times larger than
at short wavelengths [Fig. 7(b)]. Since the dipole moment is
the same at short and at long wavelengths, this implies that the
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FIG. 7. (a) Resulting relative change of the absorbance as a
function of field strength (symbols), and calculated change of
〈|	A|/A(0)〉, according to Eq. (8), for p = 117 D and γ = 0.285
at 400 nm for CdSe/CdS dot-in-rods with an aspect ratio β of 3.2
(black line). (b) Relative change of the absorbance at the band edge
(symbols), calculated change using the same values for p and γ as in
(a) (black line), and calculated change taking p = 117 D and γ = 0
(gray line). (c),(d) The same as (a) and (b) for CdSe/CdS dot-in-rods
with β = 4.3. (e),(f) The same as (a) and (b) for CdSe/CdS dot-in-rods
with β = 4.8.
absorption anisotropy is considerably larger at the first exciton
transition. In fact, for all samples, excellent quantitative
agreement between the measurements and Eq. (8) is obtained
by keeping the dipole moment fixed and taking γ = 0, which
indicates that μ⊥ 
 μ‖ at the band-gap transition.
For absorbers dispersed in a medium with refractive
index ns , the energy-integrated-absorption cross section σif,eV
(which corresponds in the case of a QD or a QR to the product
of the absorption coefficient and the QD or QR volume) of
an electronic transition between an initial state |i〉 and a final
state |f 〉 is given by33 (e, charge on the electron; ω, angular
frequency of the incident light; 0, permittivity of the vacuum;
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c, speed of light; e, polarization vector of the incident light; r,
position vector)
σif,eV = eπω
0nsc
|〈f |e · r|i〉|2f 2LF . (13)
One sees that two factors can lead to absorption anisotropy.
First, anisotropic local-field factors will lead to a dependence
of σif,eV on the orientation of the rod relative to the optical
electric field. As shown here, this suffices to understand
absorption anisotropy at short wavelengths for CdSe QRs
or CdSe/CdS dot-in-rods. Second, the transition matrix ele-
ment 〈f |e · r|i〉 can be orientation dependent. Clearly, this
additional source of anisotropy is needed to explain why the
variation of 〈|	A|/A(0)〉 with applied field strength at the band
gap of the CdSe/CdS dot-in-rods can only be fitted by setting
γ = 0. More precisely, defining the long axis of a QR as the
z axis, the results obtained here show that 〈f |z|i〉  〈f |x|i〉
for the band-gap transition of CdSe/CdS dot-in-rods.
V. CONCLUSIONS
We introduce and assess an experimental method to
analyze absorption anisotropy of dispersed rodlike colloidal
nanocrystals, in which the absorbance of the dispersion is
measured while aligning the nanocrystals using an electric
field. Using alternating electric fields that are high enough
to prevent charge accumulation at the electrodes and low
enough to ensure rotational relaxation, we demonstrate that the
resulting change in absorbance as a function of field strength
can be quantified by a model based on Boltzmann statistics.
The method is validated using CdSe quantum rods, where we
find a difference between the absorption coefficient at 400
nm for fields that are polarized parallel and perpendicular
to the rod axis, which is fully in line with the predictions
of the local-field approximation. The absorption anisotropy
implies that randomly dispersed CdSe quantum rods have a
larger absorption coefficient than CdSe quantum dots. Finally,
using this method, we have analyzed absorption anisotropy at
the first exciton transition of CdSe/CdS dot-in-rods. Based
on a quantitative analysis of the absorption change as a
function of field strength, we find that this absorption is almost
fully polarized, with a vanishing absorption coefficient for
fields that are polarized perpendicular to the long axis of
the rods.
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